Vorticity describes the spinning motion of a fluid, i.e., the tendency to rotate, at every point in a flow. The interest in performing accurate and localized measurements of vorticity reflects the fact that many of the quantities that characterize the dynamics of fluids are intimately bound together in the vorticity field, being an efficient descriptor of the velocity statistics in many flow regimes. It describes the coherent structures and vortex interactions that are at the leading edge of laminar, transitional, and turbulent flows in nature [1] . The measurement of vorticity is of paramount importance in many research fields as diverse as biology microfluidics, complex motions in the oceanic and atmospheric boundary layers, and wake turbulence on fluid aerodynamics. However, the precise measurement of flow vorticity is difficult [2] . Here we put forward an optical sensing technique to obtain a direct measurement of vorticity in fluids using Laguerre-Gauss (LG) beams, optical beams which show an azimuthal phase variation that is the origin of its characteristic nonzero orbital angular momentum [6] . The key point is to make use of the transversal Doppler effect [3] [4] [5] of the returned signal that depends only on the azimuthal component of the flow velocity along the ring-shaped observation beam. We found from a detailed analysis of the experimental method that probing the fluid with LG beams is an effective and simple sensing technique capable to produce accurate estimates of flow vorticity.
accuracy of the calculated vorticity depends on the spatial resolution and of the velocity sampling and the uncertainty error on estimates of velocity differences and .
To overcome the shortcomings of finite difference methods for vorticity measurements, other measurement methods use imaging techniques to observe local rotation of the flow. Vorticity Optical Probing (VOP) uses Gaussian laser beams to illuminate the passage of probe particles embedded in the flow to obtain, by image analysis, information about their trajectories [12] . Although small probe particles suspended in a flow will react to fluctuations of rotation in the flow, allowing the vorticity of the flow to be probed directly as it moves along a streamline, it is not always possible -or even convenient-to implant probe particles into the fluid whose dynamics needs to be characterized.
Here we consider a new optical sensing technique that is not dependent upon direct velocity measurements or the use of probe particles, and directly measures the local vorticity of fluid elements. The technique we propose here is akin to laser Doppler anemometry using LG laser beams [6] to illuminate the flow and obtain, by observing the transversal Doppler effect in the reflected signal [3] [4] [5] , information about vorticity (see Fig. 1 ).
The vorticity is closely related to the flow circulation. The circulation about a closed contour in a fluid is a scalar integral quantity and measures the macroscopic rotation for a finite area of the fluid. It is defined as the line integral 
We attempt to measure the flow integral in Eq. (1) by optical means using LG light beams.
Let us assume that a paraxial LG light beam propagating along the axis illuminates a system of non-interactive, independent small scatterers moving with the flow with velocity and undergoing translation relative to the scattering volume defined by the illumination beam (see Fig. 1 ). The incident radiation at the transverse position of scatters across the beam wavefront can be written as
For an incident LG laser beam with radial mode number = 0, arbitrary azimuthal mode number > 0, and beam radius ! , the phase in the transverse profile depends only on the azimuthal angle as and the intensity distribution ! ! describes a central dark spot surrounded by a very narrow, bright ring whose radius of maximum intensity is ! = ! 2 [6] . A moving scatter going through the light ring will observe the azimuthal phase gradient ∇ ! = ! defined by the LG beam. Consequently, and due to the transverse velocity of the scatter, the time rate ∇ ! • of the echo phase signal yields a frequency shift ! that is written as [3] 
The frequency Doppler shift given by Eq. (3) depends only on the local angular velocity of the scatter in the flow Ω = ! ! , ! along the doughnut shaped observation region = ! defined by the light beam. Equation (3) allows expressing the circulation contour integral of the velocity ! ! , and the corresponding average vorticity in Eq. (1) in terms of the frequency transversal Doppler shift
The line integral in Eq. (4) describes the frequency centroid ! , the arithmetic mean or average of ! ! , along the ring-like observation region,
and Eq. (4) becomes
The vorticity measurement technique we propose here is based on Eq. describing the spectral content of the returned signal and it can be used to calculate the frequency centroid ! as the average of the frequencies present in the signal.
We use numerical simulations and experiments with selected engineered flows to demonstrate the viability of the proposed method. When a set of independent scatters, moving with velocity , passes the ring-like observation region given by Eq. (2), it generates a burst of optical echoes that contributes to the received optical signal. We apply a superposition model for the scattering process that directly gives the complex amplitude of the return signal as the sum of the fields scattered by all the scatters illuminated by the LG beam (see Supplementary Information section for details).
The use of a realistic signal model illustrates the dependence of the results on the different experimental parameters and allows addressing the problem of vorticity estimation under the supposition of both additive (receiver) and multiplicative (speckle) noises, those producing great return signal variability. We assume that the Doppler measurement system uses heterodyne detection -the most straightforward to set up experimentally-where the scattered light is coherently mixed on the receiver with a more intense reference beam, which acts as a local oscillator [13] .
In order to proceed with the numerical experiments, we simulate the signal returns by direct implementation of the superposition model (Eq. (S1) on the Supplementary Information section). Figure 2 shows the result of our numerical experiments on two different flow patterns. The technique is tested in a steady laminar flow ( Fig. 2(a) ), in which the flow vorticity is known, and in a complex flow around a circular cylinder immersed in a uniform flow ( Fig. 2(b) ). The use of realistic numerical experiments illustrates the dependence and the effects of several flow and illumination parameters on the performance of the probing technique. It allows choosing the best measurement parameters and addressing the optimization problem of vorticity estimation. In these experiments, we consider an incident LG laser beam with radial mode number = 0, azimuthal mode number = 10, and beam radius ! = 45 µm. The illuminating beam phase changes from zero to 2 ten times around the azimuth and the intensity distribution shows a bright ring of radius expectations. In the simulation, the measurement is realized across the flow, down stream from the cylindrical object.
The feasibility of the proposed method to measure flow vorticity is also verified through the experiments (see Fig. 3 ). A heterodyne receiver based on a modified Mach-Zehnder interferometer was used for experiments as shown in Fig. 3 (a).
Using the insight realized by numerical experiments into the problem of vorticity estimation, the operation parameters of the test system were established as described in the Supplementary Information section. In order to emulate different types of flows, we use a Digital Micromirror Device (DMD). A DMD is an array of individually controlled micromirrors that can be switched on and off to define specific spatial and temporal reflection patterns. By controlling which specific mirrors are in the on or off states, and the timing between these states, we can emulate different types of physical trajectories and velocities of reflecting particles moving with a flow. At each position where the particle would be located, light is reflected back to the detector, while no light is reflected elsewhere. This is equivalent to having a two-dimensional flow in a transverse plane. This system is very convenient to demonstrate in the lab the feasibility of the scheme put forward here. It allows emulating different types of flows with good control of the experimentally relevant parameters such as the velocity profile (a supplementary movie shows one of the flows implemented in the DMD).
In flows over stationary flat plates, there is a gradient of velocity as the fluid moves away from the plate, and the fluid tends to move in layers with successively higher speed. In Figs. 3(b) and 3(c), we test the DMD-based experimental setup with two bi-dimensional laminar boundary layer flows characterized by parabolic and linear velocity profiles, respectively. In the experiments, the fluid is flowing along the longitudinal y-axis and the transversal velocity = 0, has a maximum of ! ≈ 25 mm/s at a distance ≈ 6 mm from the stationary layer. As a parabolic profile of velocities gives a linear vorticity profile, a linear profile = ! / gives a constant vorticity profile = ! / .
Experimental measurements show the expected linear vorticity profile over the parabolic profile of velocities (Fig. 3(b) ) and a constant vorticity profile over a linear velocity profile (Fig. 3(c) ). In both cases there are small differences between theoretical and experimental, as all measurements are subject to some uncertainty due to the limited accuracy of the flow definition in the DMD and the concurrent limitations to dynamic speckle reduction. But, in terms of the slow velocity and fast velocity zones, the trends of vorticity rise in parabolic profiles and constant vorticity in linear profiles were almost the same. Both experiments show that the vorticity profiles extracted from the measurements using the least squares approach in a regression analysis (blue, solid lines) are well into the uncertainty limits to the theoretical expectations as defined by the DMD accuracy (red, dashed lines).
In conclusion, the problem of measuring vorticity in a flow has been confronted. We propose an optical technique that We show that the centroid of the transversal Doppler spectrum allows a direct estimation of the flow vorticity over the area illuminated by the light beam. As an illustrative example, we present (inset, right) the frequency signal spectra corresponding to the measurements S1 and S2 in the plot. (b) Vorticity in a complex flow created by the unsteady separation of fluid around a cylindrical object located up stream (don't show in the graph). The flow is pictured with a set of streamlines (white curves) that are tangent to the flow velocity vector. Left: A measure of flow vorticity with LG beams (triangular markers) and the corresponding theoretical expectations (solid line). In the simulation, the measurement is realized across the flow (transversal dashed line on the right graph), down stream from the cylindrical object. Fig. 3 . Lab experiments on the measurement of flow vorticity. (a) In the experimental setup, a collimated Gaussian beam is divided by a Polarized Beam Splitter (PBS1) into a reference beam (red line) and a probe beam (green line). The probe beam acquires the desired phase profile after impinging onto a computercontrolled SLM. This structured light (green line) is filtered and made to shine onto a Digital Mirror Device (DMD). The DMD is controlled with a PC to generate on-demand particle flows with different velocity profiles. Light reflected by the particles (blue line) is made to interfere with the reference beam using a beam splitter (BS). The interference signal is captured using two photodetectors (PD1 and PD2) connected to an Oscilloscope. A phase shifter is used to shift our detected signal to 1 KHz. (b) Over a laminar boundary layer flow characterized by a parabolic profile of velocities, a least squares approach in a regression analysis of the measurements (triangular markers) produce a linear vorticity profile (blue, solid lines). (c) As before, but now the laminar boundary layer flow is characterized by a linear profile of velocities.
SUPPLEMENTARY INFORMATION
Numerical experiments on the measurement of flow vorticity When a set of independent scatters, moving with velocity , passes the ring-like observation region given by Eq. (2), it generates a burst of optical echoes that contributes to the received optical signal. We use a superposition model for the scattering process that directly gives the complex amplitude of the return signal as the sum of the fields scattered by all the scatters illuminated by the LG beam. After coherent detection and filtering to remove the carrier frequency and its harmonics, we obtain a detected signal (photocurrent) characterizing the optical echo from the target, which can be written as
Here, the summation is carried out over all the ! illuminated scatters and ! = ! , ! is the transverse position of the th scatter. The complex amplitude of the electric signal at the detector !! ! takes into account the radiation distribution ! ! of the illumination beam, the complex scattering amplitude of the th scatter, and the efficiency of the heterodyne detection process. The phase Ψ ! = ! + Φ ! of the return from the th scatter considers two independent terms, with Φ ! = ! describing the scatter position across the beam, and ! the random nature of the return arrival times. As the ! randomly phased elementary contributions to the total observed field interfere with one another, the resultant intensity is affected by speckle. In Eq. (S1), ! is an additive noise term being determined by the intensity of the detected signal. In heterodyne receivers, we can consider shot-noise limited signals where the noise power level is proportional to the detected photocurrent squared. Equation (S1) above describes not only the instantaneous noisy return, but also the temporal evolution of the complex amplitude and the dynamics of speckle phenomena. We only need to consider that the instantaneous scatter position vector ! changes with the flow velocity ! observed by the th scatter as ! = ! .
Typically, an heterodyne receiver sample the output signals of a complex receiver with a specific sampling frequency ! and temporal vector = ! , ! , … , ! describes the complex data samples obtained from the return signal at temporal sampling intervals 1/ ! . The power Doppler spectrum ! can be estimated from the linear discrete Fourier transform of the complex data vector and requires a sufficiently long data sequence for the spectrum to be well defined.
The resulting spectral data vector = ! , ! , … , ! describes the power levels obtained in spectral channels
For a discretely sampled return, the bandwidth extends over frequencies limited by the Nyquist frequency, which is half the sampling frequency ! . In actual heterodyne receivers aliasing effects are a major concern and signal bandwidth is a fraction of the system sampling frequency. As the return spectrum is built of frequency components ! arising from sets of scatters moving with different speeds and that are uncorrelated in position, these different frequency components are also uncorrelated.
As speckle noise on the spectral measurements degrades the quality of the spectral data, speckle is usually reduced by summing independent unsmoothed sample spectrum, and the accumulated spectrum becomes = ! ! !!! . After spectral accumulation, the signal spectral data can be used to calculate the frequency centroid integral as the weighted mean of the frequencies present in the signal
Equation ( and PD2 connected to an oscilloscope (TDS2012 from Tektronix). To eliminate the low-frequency noise, a Phase Shifter (PS) connected to a Frequency generator (FG), placed in the path of the signal beam, shifts our detected frequency to 1 kHz.
We emulated particle flows with different velocity profiles using a DMD (DLP3000 Lightcrafter evaluation mode). The RGB LED light engine was removed to expose the DMD display. The DLP3000 is composed of 415,872 micromirrors (with a diagonal side length of 10.8 ) arranged in a diamond pattern geometry 608×684. Each mirror can be tilted individually from +12° to −12°. Hence, by carefully aligning the DMD such that +12° coincides with the plane perpendicular to the incident beam, only mirrors tilted +12° will reflect light parallel to the incident beam, defining our "on" state. Mirrors tilted at −12° will reflect light at an angle that is blocked, defining our "off" state. The time in which the micromirrors are in the "on" or "off" state can be controlled by the software provided with the DMD. In order to simulate a particle moving in an specific direction, a set of 1-bit depth images is uploaded in the DMD software, where a "0" corresponds to the "on" state and a "1" to the "off" state. For example, to simulate a particle moving from left to right, we start with an image in which only one mirror close to the left edge is in the "on" state, in subsequent images this "on" state is displaced to the right by turning "off" this mirror and turning "on" the mirror to its right.
In our experiment we simulated different velocity profiles by creating a set of images, so that in the first images approximately 40,000 of the 608×684 available micromirrors are randomly set to an "on" state. In subsequent images these micromirrors are changed to the "off" state and new mirrors to the "on" state. Which mirrors are turned "on" depends on the velocity profile we want to simulate. For example, in the supplementary movie we show a parabolic velocity profile. Notice how the "on" states (in white) close to the edge of the image moves much slower than those at the center of the image. Those particles that leave the image area are replaced by the same amount following the same velocity profile.
Data analysis
Both the numerical and the lab experiments share the same data analysis. Understanding how the strength of our signal is distributed in the frequency domain is central to the design of any vorticity sensor intended to use the signal Doppler shift. Our data processing and analysis is rather straightforward and computes a spectrum or spectral density
